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Abstract 
Many of concrete structures during their working life are subjected to influence of different unfavorable factors that can decrease within 
time their capacity and serviceability, which finally ends with the need of application of appropriate rehabilitation measures or structure 
demolition. Issues related to the durability of concrete and reinforced concrete structures in different and continuously variable 
exploitation conditions touch on all important design and exploitation aspects as: designing and constructing ones, adequate protection of 
constructional elements against different environmental influences, issues related to the assessment of structure’s technical condition in 
case of damage occurred as well as the repair and strengthening of structures damaged by different agents. An important part of the 
investigation also concerns life-cycle design and management of concrete structures. The problems mentioned and some ideas of 
preparing suitable actions in order to extend exploitation time of deteriorated structures are presented on the basis of analysis of the 
process of structural degradation of an exemplary reinforced concrete load-bearing structure of a pedestrianized walkway with a car-park, 
built in the early 80’s of the XX century. 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Issues related to the durability of concrete and reinforced concrete structures in different and continuously variable 
exploitation conditions are well recognized and widely discussed, both in Polish and foreign literature (e.g. [16]). These 
problems touch on all important design and exploitation aspects, such as designing and constructing issues (e.g. [79]), the 
adequate protection of constructional elements (e.g. [10]) against different environmental influences (e.g. [11–13]), issues 
related to the assessment of their technical condition (e.g. [14–18]) in case of damage occurred (e.g. [19]) as well as the 
repair and strengthening of the structure damaged by different agents (e.g. [1], [20], [21]). 
An important part of the investigation also concerns life-cycle design and management of concrete structures relative to 
long-life exploitation, environmental influences and deterioration over time flow (e.g. [22–24]). Also international 
organizations create recommendations that cover all aspects of LCA of concrete structures [25], [26]. 
In case of design of structures based on their durability the average indicative design working life of structures should be 
no less than 50 to 100 years (EN 1990:2002/A1:2005 [27], [28]). Monolith or prefabricated reinforced and pre-stressed 
concrete should not be considered as a material which does not need any preservation during its service life. The durability 
and serviceability demands for concrete structures should be associated with predicted design life which also should 
consider a planned maintenance schedule. 
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Concrete structures can be designed to give a useful life in excess of 100 years and the material itself can remain 
structurally valuable after hundreds of years’ exposure. However, due to design or constructional mistakes, harmful 
influences of the environment and also the lack of proper maintenance, the durability of these structures can be substantially 
shortened. This results in very laborious and expensive assessments, repair works and strengthening efforts. Particularly 
vulnerable to aggressive environmental influences are structures built when the quality of constructional works was very 
low, both in the case of precast and monolith structures. 
 
Fig. 1. Evolution of structure performance with time [28] 
According to Gulvanessian et al. [28] structure life can be analyzed as in Fig. 1. The graph represents evolution of 
structure during its exploitation time. This approximation uses a so-called “performance indicator” which is a monotonously 
in time decreasing function. In the first period of structure’s life-cycle this function is constant or increasing during some 
time (in case of concrete structures due to increase of concrete resistance). However, after a certain time it always decreases, 
for example, due to material corrosion or cracking in case of concrete structures. At this point a structure reaches its SLS. If 
there is no proper maintenance operation applied structure’s condition can worsen to reach its ULS. In case of application of 
repair actions, a structure’s service life can be prolonged. 
The technical condition of the exemplary RC load-bearing structure of the walkway and car-park has been continuously 
monitored since the beginning of its construction due to considerable technical problems it had already had in that time. 
During the following years the badly built structure with no comprehensive repairs, subsequently accumulated substantial 
damage, especially over winter seasons. The condition of the elements currently pose a threat to local safety. The aim of the 
paper is to present the analysis of development of RC structural elements’ deterioration caused by the influence of the 
combination of low building process quality, environmental factors and lack of maintenance. The process of diagnosis of 
structure’s technical condition and some general aspects of repair procedure with respect to extending its service life are 
also presented. 
2. Case study – long-time degradation of RC car-parks’ bearing structure 
2.1. Description of the walkway load-bearing structure 
The load-bearing structure of the walkway (Figs 2, 3) and car-park (Fig. 2, 4) was built from precast RC elements: 
hollow floor slabs, beams and pillars, at the beginning of the 80's of the XX century. The total length of the walkway is 
198 m and the average width is 10.2 m. 
 
Fig. 2. Fragment of structural plan of car-park’s main bearing elements 
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Fig. 3. General view of a pedestrianized walkway with Fig. 4. General view of the RC load-bearing structure of the car-park 
a car-park on the ground floor and walkway with additional supporting steel structure 
  
Fig. 5. External main beams’ cantilever .Fig. 6. Typical precast hollow floor slabs 
The surface area of the walkway is approx. 2200 m2 (Fig. 3). There is heavy pedestrian traffic between service and 
commercial pavilions and residential areas on the walkway throughout the whole year. Garages and parking spaces are 
located below the walkway (Fig. 4). The precast RC beams, having 40×50 cm in cross-section and 8.5 m of clear span 
(Fig. 3), rest on precast pillars (40×40 cm) from the street side and on cantilevers projecting from the basement walls or 
pillars, from the other end, next to buildings. The beams pass over pillars into the street with 1.2 m long cantilevers (Fig. 5). 
Precast hollow floor slabs (Fig. 6) were calculated for transmission of loads up to 6 kN/m
2 according to the so-called 
Wroclaw’s unification, and are resting on the beams. Concrete overlay between the slab’s front edges was designed to 
interact with beams and the stirrups projecting from the beams were intended as connectors between them. 
In 1980, additional pillars from clinker brick bonded with high class mortar were built below the cantilevers projecting 
from the basement walls. Pillars which support both neighbouring beams were built in the axes of expansion joints. This 
allowed the beams’ span to be shortened. 
Since 2000 the beams have been supported along their whole length and also in the areas where they are supported on the 
cantilevers using steel framed structures (Fig. 4). The aim of those efforts was to assure continuous usage of the car-park 
and to protect the beams against abrupt failure, which could be caused by, for example, heavy fire engines driving over the 
walkway. 
Expansion joints in the construction were designed by dividing the structure longitudinally into 7 sections. In the axes of 
the expansion joints, double pillars and main beams were put in place. The presence of anchorages between the beam and 
the top of the pillar and also the lack of distance between the front edges of the beam and the wall may prevent the free 
deformation (lengthening and shortening) of the walkway floor. These expansion joints, except for ones which are fully 
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concreted, have a visible distance between the beams. However, it is not possible to assess whether this distance is across 
the whole height of the beams and the concrete overlay. 
The walkway surface (Fig. 3) consists of insulation made from multi-layer building tar board which is placed directly 
onto hollow floor slabs, a layer of concrete, and terrazzo flooring, divided into smaller areas by strips of glass. The total 
thickness of those layers varies between 15 and 20 cm. 
The walkway guard rails (Fig. 3) are raised from the street side and around the patio in the middle section of the 
walkway. The guard rail is made of very heavy precast RC slabs. These slabs were then attached to RC beams crowning the 
walkway situated along the edge of the floor slabs by welding them to steel sheets embedded in it. Guard rails also partially 
rest on beam cantilevers through the crowning beam. 
In 1984, due to horizontal displacement of the top edge of the guard rail slabs and vertical displacement of the whole 
element, the connection between the guard rails slabs and the floor of the walkway was reinforced by introducing inverted 
U-shaped brackets made of steel tubes (Fig. 3). Cantilevers were embedded in concrete in the floor slabs of the walkway 
and the connector bar, joining the cantilever with the guard rail slabs, was glued into the rail slab. 
2.2. Description of damage in structural elements 
The walkway has been in use for approximately thirty years. Its construction was conducted with a number of 
intermittent breaks during which the structure was not protected against environmental influences. Design concepts of 
finishing the deck surface were changed several times during construction. There were also numerous improvements carried 
out due to constructional mistakes. The walkway was put into service before it was completely finished (for long periods it 
was used without a proper flooring layer). During construction and exploitation periods the structure was often exposed to 
extreme weather conditions. Despite progressive damage to structural elements (only locally repaired during the 
construction process), especially guard rails, the surface, and the load-bearing structure – the walkway has been used very 
intensively. 
Typical damage to hollow floor slabs were as follows (Figs 7, 8): 
• cracks along slab's tubular voids, caused by spalling off the concrete cover pushed by bulging due to the corrosion of 
steel bars; 
• numerous transverse narrow scratches with visible signs of weeping along them; 
• concrete corrosion and its detachment- locally on substantial slab areas; 
• corrosion of exposed reinforcement; 
• cavities, holes and insufficient reinforcement cover caused by construction mistakes; 
• voids in many slabs filled with water which freeze during winters and shatter the concrete; 
• damage caused by punching  for installations, 
• numerous weepings and efflorescence (stalactites) on underside surface of slabs, particularly intensive along joints; thick, 
multi-layered efflorescence on the beam surfaces. 
Apart from leaking in joints between slabs and along the expansion joints, there were also serious leakages along the 
connection line between the floor and basement walls of neighbouring buildings and garages. 
  
Fig. 7. Typical damage to floor precast slabs Fig. 8. Typical damage to floor precast slabs 
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Fig. 9. Typical damage to concrete cover of beam (2000)  Fig. 10. Evolution of concrete deterioration of beam (2010) 
Leakage appeared also next to the vertical pipes passing through the ceiling as well as around the passes of these pipes 
into the rain manholes. 
During the site visit visual inspection it was discovered that the bottom surfaces of most of the beams had longitudinal 
cracks situated along the outermost reinforcement bars of the bottom layer of reinforcement (Figs 9, 10). Those cracks were 
several metres in length, but they were mainly situated in the middle part of the beam’s span. Reinforcement of some beams 
was completely exposed and strongly corroded (Figs 11, 12). 
  
Fig. 11. Corroded steel bar after removing of the concrete cover Fig. 12. Detail of corroded reinforcement after the removing 
 of the concrete cover 
Furthermore, even the already repaired reinforcement cover of many beams has totally spalled off. Structural 
deterioration has evolved at very high speed during the last few years. 
In some of the beams there were capillary vertical cracks with a constant width, which run through the entire height of 
the beam identified. They were regularly distributed according to stirrups. Vertical cracks near the place of their support on 
pillars and close to side cantilevers were also identified. 
However, no diagonal cracks near pillar supports were found. In some of the beams the concrete along the upper beam 
edge (Fig. 10) on which the floor slabs rest was also damaged. Damage in that area was particularly dangerous because it 
could have caused the slabs to collapse. The corroded bottom reinforcement, could lead to exhausting the load-bearing 
capacity of the beams. All beams were covered with a thick layer of sediment (Figs 13, 14). What is more, the steel 
elements of the extra beam supports were seriously corroded (Fig. 13). 
The following damage was diagnosed in precast RC guard rail slabs: 
• cracks in slabs and in cement and grit mortar surfaces; similar damage was previously protected by anchoring;  
• corrosion of the concrete cover which is dropping off the walkway side of the slab surface; corrosion of exposed 
reinforcement; 
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• corrosion of steel sidelays connecting the guard rail slabs with the ring beam surrounding the edge of the walkway and 
also corrosion of the concrete around the place of its attachment; 
• corrosion of concrete and reinforcement of RC ties at the meeting point of floor slabs (Figs 15, 16) and guard rail slabs; 
through the cracks which occurred in those places, rainwater got inside and penetrated through the floor and insulation 
layers of the walkway pavement; it caused concrete and reinforcement corrosion of these elements. 
  
Fig. 13. View of efflorescence on beam surface Fig. 14. Detail of corroded reinforcement after the removing 
 of the concrete cover 
  
Fig. 15. Damage to a horizontal ring beam joining deck slabs Fig. 16. Damage to a horizontal ring beam joining deck 
and guard rail slabs (2005) slabs and guard rail slabs (2010) 
  
Fig. 17. Deteriorated walkway surface Fig. 18. Damaged walkway guardrails’ concrete facing 
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The terrazzo flooring of the walkway surface (Figs 17, 18) was damaged across its entire surface area. The main damage 
was irregular fractures on surfaces, subsidence, crushed external layers of terrazzo as well as slacking of the cement 
levelling layer laid onto the horizontal waterproofing insulation. Bulging of the surface of the floor along the beams was 
also identified, as well as subsidence on significant areas between the beam axes. 
2.3. The technical condition of the concrete in the constructional elements 
Long-term exposure to rainwater caused both leaching and carbonation of the concrete. Water filtration through 
structural RC elements and constant water flow over the surface left traces indicative of an advanced leaching process – 
thick multi-layer calcium carbonate efflorescence covering the surface of beams and floor slabs (Fig. 19). 
Under the influence of water the hardened cement paste is subjected to corrosion failure by being dissolved into its 
chemical components. As leaching of the paste ingredients progresses, porosity of the concrete increases and its strength 
decreases. Generally, pure leaching corrosion does not occur (water is acidificated by atmospheric CO2). The acidification 
significantly expedites the leaching process. Filtration of water through the concrete, containing aggressive CO2, causes 
calcium efflorescence on its surface which comes from leached and dissolved Ca(HCO3)2. The progress of the leaching and 
carbonate corrosion depends on environmental factors impacting the structure (exposure to water and salts it contains), 
whereas the durability of concrete depends on its quality. 
The concrete of the above ground parts of the construction is exposed to cyclical freezing and thawing. Characteristic for 
winters in this part of Poland are frequent temperature fluctuations around 0
 °C, hence both the snow and ice melt and freeze 
up again on a repeatable basis (e.g. [20], [29]). 
Exploitation conditions for the analysed structure are long-term cyclical exposure to interchangeable rainwater dampness 
and dryness as well as constant exposure to atmospheric CO2, and also facilitated carbonation of concrete. The estimated 
depth of the neutralized layer of concrete extends over the entire reinforcement cover. In some examined specimens, the 
binder was completely carbonized – the specimens could be easily chipped away from reinforcement bars. Removing the 
concrete cover revealed that reinforcement bars were corroded not only on the surface, but also at a considerable depth of 
the cross-section (Figs 20). 
  
Fig. 19. View of efflorescence on beam surface Fig. 20. Detail of a weeping specimen 
In all specimens taken from beams (Fig. 9, 10), Cl- ions were found. Their content varied from 0.10% to as much as 
0.50% of binder mass. Chlorides present in concrete (e.g. [23], [30]), usually from de-icing agents, have no destructive 
impact on concrete. They do, however, cause reinforcement steel corrosion. However, carbonation of concrete increases the 
risk of reinforcement steel corrosion (Fig. 20). 
The bulk density of concrete varied from 2005 to 2215 kg/m
3, and concrete specimens taken from main beams had 
absorbability ranging from 5.40% to 7.05%. 
Tests with a Schmidt hammer, carried out in 2010, showed that concrete strength varied across all precast beams, but was 
high – corresponding to strength classes from C20/25 to C40/45. A critical factor determining this concrete strength was to 
what extent the beams under investigation were exposed to dampness and covered in weeping. 
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2.4. Technical condition diagnosis of the car-park’s structural elements 
Key factors causing the aforementioned damage to the RC load-bearing structural elements of the walkway and car-park 
and its continuous and advancing deterioration were as follows: 
• construction mistakes and leakage in the deck surface insulation layers of the walkway allowing rainwater and water 
produced by snowmelt (usually with high salt content) to filter through; 
• car exhaust fumes have a very significant influence on steel and concrete corrosion (some efflorescence has an intensive 
yellow, sulphurous colour); 
• constructional mistakes affecting some precast elements, especially floor slabs, manifested by cavities, holes and 
insufficient reinforcement cover. 
The technical condition of the main load-bearing elements such as beams and hollow floor slabs is bad and is 
continuously deteriorating. In some beams the concrete cover has started to increasingly drop off and reinforcement bars are 
highly corroded. The continuation of this process will lead to a weakening of the load bearing capacity of the beams and 
increase the deflection of them proven by annual geodesic measurements. However, visual inspection during site visits has 
not found any substantial structural diagonal cracks, which could be indicative of dangerous deflection of beams. 
The technical condition of floor slabs varies – from only very damp damage-free slabs to substantially damaged ones. 
The characteristics and distribution of the damp patches indicates that leaking water has also got into longitudinal slab 
voids – either through cracks in the upper surface or by the damaged concrete overlay of beams. Longitudinal joints 
between slabs are another path for water. It is very likely that inaccessible parts of the slabs are also corroded. The technical 
condition of most floor slabs declined on an ongoing basis, thus decreasing their load-bearing capacity. Furthermore, the 
areas of slabs covered by damp patches expanded as did the areas of damaged (cracked, spalled off) concrete surfaces. 
Due to the leaking surface of the walkway and no comprehensive solutions for this problem of deck flooring water 
tightness, the level of dampness of the beams and slabs increases with every rainfall causing the progress of the degradation. 
The degradation process of the structural elements of the walkway and car-park load-bearing structure runs from the 
beginning of its construction. Since the beginning of exploitation, leakages in the walkway pavement have occurred which 
together with the harmful effects of freeze-and-thaw, saline de-icing agents, car exhaust fumes and the lack of any 
comprehensive repair work which has been recommended in a number of expert opinions, resulted in extensive concrete and 
reinforcement corrosion of all constructional elements of the car-park structure. Over recent years, however, it has 
significantly gathered pace due to a lack of repair work of the walkway surface layers. Local concrete repairs were only 
short-term, and had to be repeated after every winter season. Environmental conditions played a huge role in the process of 
concrete degradation, especially during winters. Currently, the technical condition of some load-bearing elements are 
approaching pre-failure state. 
3. Case study – car-park’s structure rehabilitation plan 
The Authors have conducted technical condition monitoring of the exemplary RC load-bearing structure since the 
beginning of the 90's, hence the process of concrete elements degradation could be very diligently scrutinised. In addition to 
technical condition analysis and damage reports, recommendations for repair and strengthening works were made after each 
inspection. However, the most critical recommendation to repair the insulation and surface of the walkway has not yet been 
implemented. Meanwhile, the technical condition of the structure has declined at an alarming rate. Comprehensive repair 
work on corrosion-damaged load-bearing RC structure are absolutely required. 
As it was mentioned before strategies for rehabilitation of deteriorated concrete structures are very well overworked for 
different levels and types of structural degradation (e.g. [1], [25], [26]). Of course, the most advisable is to design every 
structure for the whole life-cycle service taking into consideration all the aspects of its performance and all the possible 
influences that can decrease its capacity and serviceability. However, in case of already deteriorated structures designed in 
the past and, moreover, exploited without necessary maintenance, the only possibility to extend their working life is to 
realize appropriate rehabilitation process. As life durability design methods are well recognized there are no many models 
for life time prediction for concrete repair measures [31]. 
In case of the analysed structure that currently is very close to reach the end of its service life the general diagnosis and 
repair procedure (e.g. [31]) sholud be applied (Fig. 21). 
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Fig. 21. Scheme of service life structural maintenance [31] 
4. Conclusions 
The reinforced concrete structures should have a working life of well over one hundred years under normal operating 
conditions. However, concrete can also deteriorate after a surprisingly short period of time. Especially, it can be observed in 
structures which were constructed at a time when concrete was still regarded as material that does not need even low 
maintenance during structure’s life. Problems with the lack of durability of many old concrete structures occurs also because 
the engineers of the time had no sufficient knowledge of the performance of main structural materials (steel reinforcement 
and concrete) under influence of different environmental agents. Another factors negatively affecting the life-time 
performance of reinforced concrete structures are poor quality of material and workmanship, and variable load conditions. 
All these factors were detected and analyzed while conducting evaluation of the technical state of the exemplary RC 
structure. Construction material and structural elements of the car-park have seriously degraded during a very short period 
of exploitation. It was because of the synergistic effect resulting from design errors, poor execution quality, environmental 
influences (however, not extremely aggressive ones) and, most of all, the lack of proper technical maintenance. 
The analysis of presented selected example of concrete structure deterioration process perfectly shows the importance of 
proper design and building process conducting, and realization of careful maintenance schedule for concrete structures’ 
long-time durable performance. 
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